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uu.se (B. Mannervik), Arna.Runarsdottir@biorg.uu.se (We propose that the proper evolving unit in enzyme evolution is not a single ‘‘ﬁttest molecule”, but a
cluster of related variants denoted a ‘‘quasi-species”. A distribution of variants provides genetic var-
iability and thereby reduces the risk of inbreeding and evolutionary dead-ends. Different matrices
of substrates or activity modulators will lead to different selection criteria and divergent evolution-
ary trajectories. We provide examples from our directed evolution of glutathione transferases illus-
trating the interplay between libraries of enzyme variants and ligand matrices in the identiﬁcation
of quasi-species. The ligand matrix is shown to be crucial to the outcome of the search for novel
activities. In this sense the experimental system resembles the biological environment in governing
the evolution of enzymes.
 2010 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Structural foundation of enzyme evolution
The physical basis of molecular evolution is structural changes
that cause variations of functional properties. Mutations and rear-
rangements of DNA sequences that encode protein structures are
key to enzyme evolution. Minimal changes of sequences can have
profound effects on catalytic activities as well as on the transcrip-
tional and translational regulation of protein expression. Our cur-
rent understanding of enzyme evolution supports the notion that
redesign of existing structures, rather than de novo design, is a ma-
jor route to enzymes and other proteins with novel functions [1,2].
Lessons from natural protein evolution have proven useful to the
directed evolution in the laboratory.
A limited number of point mutations in a gene can be generated
by chemical mutagens, radiation, or error-prone DNA replication.
More extensive structural alterations can be accomplished by
homologous recombinations, and major changes can be obtained
by fusion of genes or other large coding sequences. In general,chemical Societies. Published by E
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A. Runarsdottir).increased structural complexity will enable a wider spectrum of
functional properties, but in some cases deletion of structural ele-
ments may lead to advantageous functions. All of these processes
can be observed in the natural evolution of proteins, and numerous
techniques have been developed in order to put these principles
into biochemical practice in the laboratory [3,4]. For the following
discussion it is sufﬁcient to assert that methods for the generation
of structural diversity exist, and that libraries of protein variants
may be created by stochastic processes with results similar to
those seen in biological systems. In addition to stochastic methods
for mutagenesis, protein engineering affords rational approaches
to molecular diversity. Saturation mutagenesis of critical residues
will provide variants forming ensembles of enzyme variants that
can be examined for valuable properties. Recent advances in gene
synthesis have enabled the synthesis of mutant libraries to meet
speciﬁed requirements. It is even possible to create proteins with
unnatural amino acids and thereby go beyond the limitations of
the genetic code [5].
For the investigation of enzyme evolution and its implementa-
tion in protein engineering a reasonable assumption is that
substrate selectivity is governed primarily by ﬁrst-sphere interac-
tions of the substrate with amino acid residues in the active site.
This principle has been utilized in our laboratory to redesign the
substrate selectivity of glutathione transferases (GSTs). For exam-
ple, critical residues for steroid isomerase activity have been cop-
ied from a GST displaying high activity to confer this efﬁcientlsevier B.V. All rights reserved.
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lar manner, high activity with long-chained alkenals has been
introduced by redesign of the active-site residues in another GST
[8,9]. In both cases, a few amino-acid substitutions were sufﬁcient
to alter the binding mode of the substrate in the active site and en-
hance the catalytic efﬁciency. GSTs are exquisitely suited to inves-
tigations of protein evolution, since they have the ability to acquire
alternative functions both in vitro and in its natural context. We
will therefore use data from our own research on GST redesign to
exemplify principles that are generally valid.
2. The promiscuous enzyme
The evolution of enzyme functions plays a pivotal role in biol-
ogy, and is instrumental in development of metabolic pathways,
symbiotic adaptations between organisms, acquisition of resis-
tance mechanisms in pathogens and cancer cells. It is also central
in the design of biocatalysts for biotechnical and other applica-
tions. In biochemistry and biology emphasis has usually been given
to genetic and structural aspects of enzyme evolution, but the
scope of the crucial functional aspects has not been fully recog-
nized. The traditional view involves one gene encoding one en-
zyme that catalyzes one reaction; novel enzymes arise via gene
duplications and mutations and become established if they provide
an advantage for growth and survival. However, our current view is
more complex, since alternative splicing of mRNA can give rise to
several enzymes from one gene and expressed proteins can have
more than one function.
Furthermore, it is now clear that enzymes may not be as speciﬁc
in their catalytic action as originally perceived, but actually have
a latent ability to catalyze reactions with alternative substrates
[10–13]. Such intrinsic catalytic promiscuity has had to be fully
or partially suppressed in the evolution of natural systems to avoid
detrimental effects of unspeciﬁc reactions. However, functional
promiscuity is a key feature in the evolution of enzymes in biology
as well as in vitro. Examples of directed enzyme evolution have
shown that substrate-speciﬁc enzymes actually regress to less
speciﬁc catalysts in their evolutionary course to novel functions
[13–15]. In fact, promiscuity is not limited to enzymes acting onFig. 1. Alternative substrates (PEITC and CDNB) and inhibitors (CB, BSG, and TPT)
dinitrobenzene; CB, Cibacron Blue; BSG, S-p-bromobenzylglutathione; TPT, triphenyltinsubstrates, but is more generally observed in molecular recogni-
tion in biological systems [16]. The action of many enzyme inhib-
itors and other drugs targeting receptors is actually based on
afﬁnity for sites where natural ligands bind. For our discussion of
the interaction of multiple ligands with evolving populations of en-
zymes we will consider two alternative GST substrates 1-chloro-
2,4-dinitrobenzene (CDNB) and phenethyl isothiocyanate (PEITC)
as well as three GST inhibitors of (Fig. 1).
In this new perspective we propose that the actual trajectory of
enzyme evolution is governed by an intimate interplay between
the available ligands with afﬁnity for the enzyme, the ligand ma-
trix, and the variant proteins generated by mutational events. In
other words, the actual functional scope of an enzyme is condi-
tional and deﬁned by the presence of ligands such as substrates,
inhibitors and other modulators. For example, the enzyme car-
bonic anhydrase, besides hydration of its natural substrate carbon
dioxide, has esterase activity with unnatural carboxylic acid esters
such as p-nitrophenyl acetate (pNPA) [17]. This spurious pNPA
activity has no biological function, but is still an expression of
inherent properties of carbonic anhydrase, revealed only when
brought in contact with previously untested substrates. In biotech-
nology the discovery of such extraneous activities are potentially
highly valuable. Exploration of the sequence space in the vicinity
of promiscuous enzymes may reveal novel biocatalysts with desir-
able properties. The main current challenge is to design libraries
that can be interrogated by judicious functional assays.
3. Substrate-activity space
The conventional deﬁnition of an enzyme signiﬁes a macromol-
ecule, preferably a protein, with the ability to catalyze a chemical
reaction. However, in order to manifest catalytic activity the en-
zyme has to be exposed to a substrate, the consumption of which
is a measure of enzyme activity. Enzymes have traditionally been
characterized as showing substrate speciﬁcity, implying that a gi-
ven enzyme can utilize only a single substrate (‘‘absolute substrate
speciﬁcity”) or a limited number of functionally related substrates,
such as ester substrates for hydrolases (‘‘group speciﬁc enzymes”).
However, we have found it useful to deﬁne the scope of substratesof GSTs. Abbreviations: PEITC, phenethyl isothiocyanate; CDNB, 1-chloro-2,4-
chloride; GST, glutathione transferase.
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tance” of the enzyme. A highly speciﬁc enzyme is then character-
ized as having a very narrow substrate acceptance, whereas more
promiscuous enzymes will be referred to as having broad substrate
acceptance. It has become increasingly clear that broad substrate
acceptance, or promiscuity, is a common feature of many enzymes,
not only of detoxication enzymes and hydrolytic enzymes catalyz-
ing the digestion of foodstuff, but of also many enzymes involved
in speciﬁc anabolic reactions. Such extraneous activities with alter-
native substrates are often observed with unnatural substrates not
encountered by the enzyme in its normal milieu. In order words,
substrate speciﬁcity or promiscuity is deﬁned not only by the
intrinsic properties of the enzyme, but also by the set of potential
substrates that it is exposed to. We refer to this set as the ‘‘sub-
strate matrix” [18]. In a living cell an enzyme may encounter thou-
sands of chemical constituents that exist in the same cellular
compartment. In the laboratory, the substrate matrix is limited
only by what chemical companies can provide or what synthetic
chemists can produce. However, in biochemical experiments the
substrate matrix has usually been limited to a very small number;
often to a single substance.
4. Probing substrate-activity space
In biological systems, the emergence and maintenance of en-
zymes with novel properties usually involves selection, in which
the enzyme provides survival value or other parameters of ﬁtness.
Selection based on similar criteria can also be used in some appli-
cations of directed evolution in vitro. However, in most cases suit-
able selection systems cannot be designed, and analysis of the
available collection of enzyme variants has to be based on screen-
ing in which the entire mutant library, or portions of it, is tested for
catalytic functions. As cogently demonstrated in the following dis-
cussion, screening has the distinct advantage that activities with
multiple alternative substrates can be measured in parallel such
that multidimensional analyses can be performed. Such investiga-
tions are obviously essential to deﬁning promiscuous enzymes and
identifying functional quasi-species. Screening also allows the par-
allel analysis of alternative inhibitors and other modulators of en-
zyme activity.
Assuming that a library of enzyme variants has been generated,
what results can be expected from the screening? If a singleFig. 2. GST activities determined with two alternative substrates (PEITC and CDNB) in
shufﬂing of DNA isolated from 17 variants derived from a library previously construc
alternative substrates essentially by methods previously described [22]. (A) Two-dimen
normalized to unit variance. (B) Gabriel two-dimensional biplot of the normalized data in
In the singular-value decomposition underlying the biplot [23] the units of the catalytic
labeled ‘‘x” and ‘‘y”.substrate is used and a parental enzyme displays activity with this
substrate, the activities of the mutants may range between zero
and the original activity, complemented with the rare occurrence
of enhanced activity in some variants. A corresponding analysis
can be made with a second substrate to give a similar distribution
of activities. Fig. 2A displays the activities of 465 GST variants as-
sayed with two alternative substrates, CDNB and PEITC. The multi-
ple GST variants were generates by DNA shufﬂing of mutants
isolated from a previously studied class Mu GST library [19].
Clearly, redesign of a functional enzyme, rather than an inactive
protein, to produce the mutant library increases the probability
that the mutants will display enzyme activity. In our GST library
83% of the mutants were found to be catalytically competent.
When enzyme variants are tested with two alternative substrates
it is possible that the two activities are correlated to one another.
Fig. 2 indicates such correlations among some of the GSTs in our
mutant library. In a cell, or in a cell extract, different concentra-
tions of a given enzyme may be present such that the enzyme
activities have different magnitudes. However, the ratio of the
activities will be constant. Activities obtained with additional sub-
strates will similarly have constant ratios. In an enzyme mutant li-
brary members with the same activity ratio are arguably the same,
whereas those that have signiﬁcantly different ratios could be re-
garded as different enzymes. However, the criterion for a meaning-
ful division between a given enzyme and an emerging enzyme
distinct from the parent is an open issue.
5. Enzymes as vectors in multidimensional substrate-activity
space
Enzyme activities with alternative substrates can be repre-
sented as points in multidimensional space with coordinates corre-
sponding to the catalytic activities with the alternative substrates
(Fig. 2A). The points can also be regarded as vectors, and the direc-
tion of the vector characterizes the substrate selectivity of the
corresponding enzyme (Fig. 2B). The length of the vector is propor-
tional to the concentration of enzyme as well as to its intrinsic
activity. Different measures of activity can be used, and for illustra-
tion of substrate selectivity the catalytic efﬁciency, also called the
speciﬁcity constant, kcat/Km, is preferable [20]. However, determi-
nation of this kinetic parameter requires measurements of rates
at different substrate concentrations, and for screening of a largeassays of 465 mutants from a Mu class library. Chimeric GSTs were obtained by
ted [28]. Bacterial lysates were prepared and assayed individually with the two
sional scatter plot of the measured activities, which have been mean-centered and
(A). The substrate vectors (red arrows) are marked with the alternative substrates.
activity values lose their physical meaning, and the orthogonal axes are therefore
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surements to a single substrate concentration assayed under stan-
dardized conditions. The detailed substrate-selectivity proﬁle can
subsequently be determined for the smaller set of enzyme variants
considered to be of special interest.
If enzyme activities are measured in biological preparations, e.g.
bacterial lysates, the value will be dependent on the expression le-
vel of the enzyme and its concentration in the biological sample.
The length of a given vector will be proportional to the amount
of catalytically active enzyme, unless the activity unit is normal-
ized to the absolute concentration of the enzyme. Thus, the dis-
tance from the origin of a point in Fig. 2 is the resultant of
intrinsic catalytic activities with the alternative substrates multi-
plied with the enzyme concentration in the assay system.
6. Identiﬁcation of quasi-species in a population
of enzyme variants
Obviously, there is a genetic basis for the functionality of an en-
zyme, since the enzyme is encoded by nucleic acid. However, com-
parison of sequences of nucleotides or amino acids cannot
accurately predict functional properties of an enzyme. For exam-
ple, the conservative substitution of serine for a threonine in the
substrate-binding site of GST M2-2 enhances the activity with
epoxide substrates by several orders of magnitude [21]. The func-
tional properties are the parameters that are decisive for the use-
fulness of an enzyme in nature as well as in protein engineering.
We have therefore focused on multidimensional characterization
of catalytic properties as the basis for distinguishing different en-
zymes that emerge in molecular evolution.
Members of an enzyme cluster in functional space that can be
represented by a quasi-species should have properties in common
that can be distinguished from those of other enzymes under con-
sideration. In other words, there has to be an out-group from
which the quasi-species can be distinguished. The direction of an
enzyme vector in substrate-activity space is a useful criterion for
identiﬁcation of quasi-species and variants distinct from the qua-
si-species. Graphically the vectors associated with a given quasi-
species will appear as a bundle pointing in a characteristic direc-
tion in functional space (cf. Fig. 2B). In addition to the spreading
of activities of different members of the same quasi-species due
to sequence variations (i.e. neutral drift), measured data will have
associated experimental variance such that vectors of replicates
will not overlap exactly. This experimental error can be estimated
and taken into account by replicate experiments. However, a more
challenging issue is the boundary between members and non-
members of a given quasi-species. As will become evident in a later
paragraph, the deﬁnition of the quasi-species is conditional and
based on the substrates or other ligands used for characterization.
As in the taxonomy of biological species, classiﬁcation criteria may
change, and the physical reality may not always be easy to capture
in simple formulas.
7. Multivariate methods for identiﬁcation of quasi-species
The basis for identiﬁcation of functional quasi-species is a set of
data that deﬁne enzyme variants in activity space. For our initial
discussion we will assume that activities with one or several alter-
native substrates have been obtained, but other quantitative infor-
mation such as parameters describing inhibition or activation of
enzymes can also be used. In simple cases inspection of the data
set will be sufﬁcient for identiﬁcation of clusters of enzyme vari-
ants with similar properties. If data from only one substrate are
analyzed they may form a distribution of active variants distin-
guishable from others with low or undetectable activity. Whendata with two alternative substrates are available the data may
scatter in different distinguishable directions (cf. Fig. 2). However,
for investigations of multidimensional datasets and more incisive
analyses statistical methods are useful.
We have approached the multivariate analysis of matrices of
catalytic activities in two alternative ways [22]. In the ﬁrst, the
data set is examined for clusters based on nearest-neighbor algo-
rithms. In the second, bundles of vectors with a similar direction
are explored. Cluster analysis is based on the notion that enzyme
variants associated with a particular quasi-species should map in
the vicinity of one another in functional space. The multivariate
data can be ordered by dendrograms and hierarchical clustering
[23]. K-means clustering is an alternative in which the data are
connected to a pre-determined number of nodes. The clusters thus
obtained can be further validated by canonical variate analysis
[22]. A limitation of all these analyses is that the coordinates of
an enzyme variant will be critically dependent on the concentra-
tion of enzyme used in the assay of activities. The very same en-
zyme could be expressed at different levels in different bacterial
clones such that different amounts of the enzyme are present in
the samples used in the activity measurements. It is not uncom-
mon that different synonymous codons in the DNA sequence give
rise to different expression levels of a given enzyme. Furthermore,
the yield of enzyme from different bacterial preparations may vary
for technical reasons, such as incomplete lysis of cells. If determi-
nations of the actual concentrations of enzyme protein are made
the activity data can be normalized to take this into account.
In the second approach, the quasi-species is a bundle of vectors
oriented in the same general direction in substrate-activity space.
This can be illustrated by direct plots or by principal component
(PC) analysis. In this analysis different expression levels will be less
inﬂuential in the analysis, which simpliﬁes the interpretation. In
both approaches conventional statistical criteria can be used to de-
ﬁne conﬁdence limits based on the estimated variability of the en-
zyme variants assigned to the quasi-species [18]. By probability
measures a new enzyme variant can be tested against other mem-
bers of the quasi-species in order to judge whether it is an outlier
or if it can be assigned to the quasi-species. However, the boundary
conditions for a given quasi-species are conditional and depend,
among other factors, on the substrate matrix as described below.8. Manifestation of the quasi-species is dependent
on the substrate matrix
If an enzyme is tested with just one out of a number of possible
alternative substrates, the vector of enzyme activity will be one-
dimensional and the full scope of substrate acceptance will not
be revealed. On the other hand, if many alternative substrates
are investigated some of them may give similar information about
the functional properties of the quasi-species. For example, an
esterase catalyzing the hydrolysis of simple alkyl esters of carbox-
ylic acids may show redundancy in the information provided by
the alternative substrates. In a PC analysis the loadings of such sub-
strates will be close to one another, and in a Gabriel multivariate
biplot [24] the substrate vectors will point in the same direction.
Our analysis of a mutant GST library revealed three quasi-species
when the analysis was based on eight alternative substrates [19].
However, the same three quasi-species are revealed when only
three of the alternative substrates are used [25]. The requirement
is that the three substrates are chosen such that they represent
the different directions in the space of loadings. In other words,
one of several substrates tested can serve as a surrogate for those
that give similar contributions. In this case the substrate-activity
space is not truly eight-dimensions when these eight substrates
are used, but degenerates to a lower dimensionality. Nevertheless,
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crease the dimensionality, and provide evidence for additional
quasi-species [18]. Judicious choices of substrates are obviously
critical to extract the maximal information about the functional
scope of an enzyme library.
9. Evolutionary trajectory in functional space
The evolution of proteins and nucleic acids for optimized func-
tions has been described as climbing a peak in a mountainous ﬁt-
ness landscape. In this description the coordinate system is
sequence space, and the path for ﬁnding enhanced functional prop-
erties or ﬁtness is regarded as a trajectory in the ﬁtness landscape.
Traditionally the search has progressed one step at a time, such
that the optimal properties have been improved by small incre-
ments in the useful function [15]. The ﬁttest individual in a given
generation has been subjected to further mutagenesis in the search
for further improvement. Adopting the notion of the quasi-species
as the evolving unit, the ﬁttest individual is replaced by the distri-
bution of the quasi-species, and the evolutionary trajectory will be
its progression in ﬁtness space. From a practical point of view a sig-
niﬁcant number of mutants with a varied genetic composition
should be subjected to mutagenesis for further evolution. By this
approach the process is not a single evolutionary trajectory, but
can rather be viewed as a multidimensional band of trajectories
that samples a larger region of the ﬁtness landscape. This wider
scope reduces the risk of reaching evolutionary dead-ends and
non-viable progeny.
10. Identiﬁcation of quasi-species based on inhibitor matrices
We have published several analyses of enzyme libraries based
on data obtained with alternative substrates. However, a novel
area of inquiry concerns the evolution of resistance of enzymes
to inhibitors. This is a signiﬁcant issue in biology as well as in
medicine. Infectious agents such as viruses and bacteria can devel-
op resistance to drugs targeting essential enzymes by evolving
insensitivity to the drugs without loss of enzyme activity. We areFig. 3. Principal component analysis of emerging resistance of GSTs to three alternative in
analyzed in separate measurements with 0.2 lM Cibacron Blue (CB), 4 lM S-p-bromob
containing 0.5 mM CDNB and 1.0 mM glutathione in 0.1 M sodium phosphate buffer pH 6
presence of inhibitor, and the fractional rates calculated. For multivariate analysis the
subjected to hierarchical cluster analysis, which partitioned the data in a dendrogram (n
analysis of the same normalized data is displayed, in which the data points of the four set
1–3 and (B) corresponding loadings. The ellipsoid in (A) marks the calculated 95% conﬁd
and green data points indicate numbered GST variants that have acquired resistance to th
maintain high sensitivity to all three inhibitors.proposing that evolving enzymes can form quasi-species on the ba-
sis of their sensitivities to alternative inhibitors in a manner similar
to that found with respect to activities obtained with alternative
substrates. The GST mutant library analyzed with two alternative
substrates in Fig. 2 has also been screened for the evolution of such
inhibitor-based quasi-species. Also in this investigation the choice
of the matrix of alternative inhibitors inﬂuences the recognition of
quasi-species.
Cibacron Blue (CB), S-p-bromobenzylglutathione (BSG), and tri-
phenyltin chloride (TPT) are structurally diverse enzyme inhibi-
tors, which have been tested with the 465 variants of the GST
library (Fig. 3). The experimental design was such that the emer-
gence of resistance to an inhibitor would lead to enhanced activity
against a background of highly suppressed activities of sensitive
enzymes variants. The data in Fig. 3A are fractional activities sub-
jected to PC analysis showing how the enzyme variants respond
differentially to the three inhibitors. The corresponding loading
plot (Fig. 3B) reveals the individual inﬂuences of the different
inhibitors on the distribution of the data points in Fig. 3A. Different
GST variants are associated with resistance to one or another of the
three alternative inhibitors.
An additional level of complexity is introduced when the inhib-
itory effects are analyzed by use of different substrates. The data
displayed in Fig. 3 were obtained with CDNB as the GST substrate,
but the three alternative inhibitors were also assayed with PEITC as
substrate. The combined data set is illustrated in Fig. 4 by the Gab-
riel three-dimensional biplot [24] of multivariate activities ob-
tained with the different GST variants and three alternative
inhibitors. The vectors show diverging functional relationships
among enzyme variants (black arrows) as well as their associations
with the three inhibitors CB, BSG, and TPT assayed with the two
alternative substrates CDNB and PEITC. Clearly, the outcome of
the test of the GST variants is dependent on the substrate used,
such that some enzymes are more resistant to a given inhibitor
when tested with CDNB rather than with PEITC, and vice versa.
Traditionally, acquisition of drug resistance has been regarded
as a one-dimensional problem, since the effects of only one drug
(or similar drugs) have been investigated. In contrast, the increasedhibitors. The Mu class GST library of 465 variants expressed in bacterial lysates was
enzylglutathione (BSG), and 3 lM triphenyltin chloride (TPT) in an assay system,
.5. Initial rates of the GST reactions were determined for each GST in the absence and
data were mean-centered and normalized to unit variance. The data were ﬁnally
ot shown) into four sets on the basis of Euclidian proximity. A principal component
s of the dendrogram are rendered in different colors: (A) principal components (PCs)
ence contour based on the variance in the three-dimensional data set. The red, blue,
e inhibitors CB, TPT, and BSG, respectively. The yellow data points indicate GST that
Fig. 4. Gabriel three-dimensional biplot of multivariate activities obtained with
GST variants in bacterial lysates assayed with two alternative substrates and three
alternative inhibitors. The vectors show functional relationships among enzyme
variants (black arrows) as well as their associations with the three inhibitors, which
were tested at two concentrations: 0.05 and 0.2 lM Cibacron Blue (CB), 2.0 and
4.0 lM S-p-bromobenzylglutathione (BSG), and 1.25 and 3.0 lM triphenyltin
chloride (TPT). GST activities were assayed with the alternative substrates
0.5 mM CDNB (red dashed arrows) and 0.2 mM PEITC (blue dashed arrows) in the
presence of 1.0 mM glutathione in 0.1 M sodium phosphate buffer pH 6.5. The
inhibitor vectors clearly point in different directions depending on the substrate
used, indicating an intertwined dependence on inhibitor and substrate for the GSTs.
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mechanistically distinct inhibitors and substrates, illustrates the
complexity of interactions in biological systems.
11. Darwinian principles and quasi-species
Charles Darwin’s notion of ‘‘the survival of the ﬁttest” is a rec-
ognized paradigm for the evolution of biological species [26]. In
biology it is well established that genetic variability is a prerequi-
site for adaptive responses to changing conditions in the biotope.
In the ﬁeld of virology the concept of evolving ‘‘quasi-species”,
introduced by Manfred Eigen, has been adopted in order to de-
scribe and understand the nature of the evolutionary process
[27]. A basic underlying principle is that evolution operates on
an ensemble of functional variants rather than on an individual
that displays maximal ﬁtness under ambient conditions at a partic-
ular point in time. Uninterrupted evolution and avoidance of dead-
ends require a sufﬁciently broad genetic variability to avoid
inbreeding. This view of the evolutionary process of pathogens
has a counterpart in the preservation of a broad genetic back-
ground in the breeding of plants and domesticated animals.
We argue that this principle applies to directed evolution of en-
zyme function such that the evolutionary process preferably
should encompass a cluster of genetically related enzyme variants.
Such enzyme clusters can be regarded as molecular ‘‘quasi-spe-
cies”. The quasi-species is an abstraction representing common
characteristics for the identiﬁcation of the cluster. In this view,
evolution operates on ensembles rather than on individuals, and
the quasi-species should be regarded as the proper evolving unit.
Applied to the directed enzyme evolution, this novel view implies
that focused clusters rather than individual enzymes should be
subjected to the genetic manipulations and functional character-
ization aimed at obtaining novel entities with enhanced properties.12. Conclusions
Enzyme evolution of protein functions is not a one-dimensional
process. Acceptance of alternative substrates has to be weighed
against the needs of speciﬁcity in metabolic pathways. Similar is-
sues of speciﬁcity occur in the engineering of enzymes for novel
applications. In a biological system proteins interact with one an-
other as well as with ligands that modulate their activities. Some
enzymes have evolved for speciﬁc interactions with cellular mem-
branes or nucleic acids. Physical properties such as stability and
foldability of the polypeptide chain as well as solubility of the ma-
ture protein are also important parameters. In the engineering of
enzymes for applied functions a number of essential requirements
will also have to be met. All of these criteria can be encompassed
by the concept of multivariate molecular quasi-species. We have
demonstrated how the variables can be treated when they repre-
sent activities with alternative substrates. Analogous treatments
can be made by other parameters such as inhibitory or activating
activities of modulators or any other properties that can be mea-
sured and quantiﬁed. However, it is not necessary to restrict the
exploration to parametric measures of continuous variables, since
non-parametric methods for classiﬁcation exist.
In our applications the concept of molecular quasi-species is not
bound by strict measures by which this entity should be deﬁned.
However, an essential requirement is that enzyme variants linked
to the quasi-species deviate functionally from an out-group used
for comparison. Similar difﬁculties of deﬁnition are met in biology
when rigorous norms of species are attempted. However, the con-
cept of quasi-species in enzyme evolution is a means of better
understanding the multivariate nature of enzyme evolution and
its implications for protein engineering.Acknowledgments
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